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Gene expressionStudies in multiple sclerosis have demonstrated that normal-appearing white matter can harbor pathological
changes. Herewe investigated the effects of neuroinﬂammation,modeled by experimental autoimmune enceph-
alomyelitis (EAE) on neural stem/progenitor cells (NPCs) located distally to inﬂammatory foci.We observed that
EAE-derived NPCs had a lower capacity to differentiate into oligodendrocytes and an increased neuronal differ-
entiation than control NPCs. This ﬁnding was corroborated with changes in gene expression of early differentia-
tion genes. We conclude that inﬂammation has a long range effect on the NPCs in the diseased central nervous
system, reaching NPC populations outside the lesion sites.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Neural stem/progenitor cells (NPCs) are located at different sites in
the adult central nervous system (CNS) i.e. the subventricular zone
(SVZ) the subgranular zone, as well as along the central canal of the
spinal cord (Weiss et al., 1996; Doetsch et al., 1999). The NPCs can be
isolated, expanded and in vitro differentiated into neurons, oligoden-
drocytes and astroglia (Reynolds and Weiss, 1996; Shihabuddin et al.,
1997). Furthermore, these cells are triggered to proliferate, migrate
and differentiate following various CNS injuries, such as spinal cord in-
jury (Johansson et al., 1999; Meletis et al., 2008), traumatic brain injury
and experimental autoimmune encephalomyelitis (EAE) (Danilov et al.,
2006; Picard-Riera et al., 2004; Pluchino et al., 2008). In EAE, we and
others have demonstrated that NPCs from the central canal of the spinal
cord are recruited to CNS lesions, where they differentiate. In a recent
publication, we have demonstrated that EAE affects the transcriptome
of the NPCs, inducing the expression of inﬂammation and
neurodegeneration-related genes, while decreasing the expression a
core gliogenic signature. Functionally, the NPCs were rendered more
neurogenic, differentiating into more neurons and less oligodendro-
cytes than corresponding controls (Covacu et al., 2014). In the presenteuroscience, R3:04, Karolinska
).
. This is an open access article understudy, our aim was to elucidate whether NPCs located outside inﬂam-
matory sites also are transcriptionally and functionally affected in EAE.
The rationale of the study stems from investigations done in multiple
sclerosis (MS), the human disease modeled by EAE. It was reported
already in 1978 that unaffected areas of the CNS in MS patients appear
to have normal-appearingwhitematter (NAWM) (Allen andMcKeown,
1979) which actually may contain pre-active lesions (De Groot et al.,
2001). A recent study suggests that these pre-active lesions are not
associated with blood–brain barrier disruption but a yet unknown
intrinsic trigger of innate immune activation which induces clustering
of microglia.
In this study we have focused on “normal appearing” parts of the
spinal cord (NASC) in EAE animals and investigated potential distant in-
ﬂammatory effects on spinal NPCs. By immunizing rats with myelin ol-
igodendrocyte glycoprotein (MOG) we induced a relapsing-remitting
type of EAE characterized by inﬂammatory and demyelinated lesions
in the CNS, mainly in the spinal cord (Storch et al., 1998). NPCs were
isolated and propagated in vitro and their differentiation pattern and
expression of relevant genes were investigated. To discriminate be-
tween NPCs isolated from lesion (or inﬂamed spinal cord, ISC) versus
ex-lesion sites (or normal-appearing spinal cord, NASC), we measured
the levels of the nitric oxide (NO•) oxidation product, nitrite, in the cul-
ture supernatant. Nitrite levels are commonly used to identify ongoing
NO• production during inﬂammatory activity within ﬂuid compart-
ments of the CNS as well as well as elsewhere in the body (Kornelissethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
PCR primers.
Target Forward primer Reverse primer
gapdh TCAACTACATGGTCTACATGTTCCAG TCCCATTCTCAGCCTTGACTG
β-actin CGTGAAAAGATGACCCAGATCA AGAGGCATACAGGGACAACACA
β-actin CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC
β-III-tubulin GGGCCTTTGGACACCTATTCA GCCCTCTGTATAGTGC CCTTTG
gfap ACAGACTTTCTCCAACCTCCAGAT TCTTTAC CACGATGTTCCTCTTGA
neurogenin-2 CCAACTCCACGTCCCATAC GAGGTGCATAACGGTGCTTCTC
mash-1 AGCGCAACCGGGTCAA CGCGCGGATGTATTCGA
hes-1 CAGAAAGTCATCAAAGCCTATCATG TCAGTGTTTTCAGTTGGCTCAAAC
notch-1 GGGCAAACCATGCAGGAAT AGCGCAAACTGCCACAAGT
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In this study, we demonstrate that NPCs residing distally to inﬂamed
areas in the spinal cord, i.e. in NASC regions, are affected by inﬂamma-
tion. NPCs derived from NASC regions display an increase in neuronal
differentiation and a decreased ability to differentiate into oligodendro-
cytes in vitro. These ﬁndings shed light into the pathological mecha-
nisms in MS-affected CNS, where the regenerative capacity might not
only be affected in direct proximity to the inﬂammatory sites, but
more generally, even affecting areas distant to ongoing inﬂammation.
2. Methods
2.1. Experimental animals and EAE induction
DA female rats 7–8 weeks old (Scanbur B&K, Sollentuna, Sweden,
http://www.scanbur.eu/) were kept at the animal facility at Karolinska
University Hospital. The rats were anesthetized with isoﬂurane, chosen
due to its low inﬂuence on intracranial pressure (Forane; Abbott Labora-
tories, Abbot Park, IL) and immunized subcutaneously with an injection
at the dorsal tail base with 200 μl inoculum containing 20 μg recombi-
nant myelin oligodendrocyte glycoprotein (rMOG) produced in house
(Amor et al., 1994) and a 1:1 ratio of incomplete Freunds adjuvant
(IFA) and PBS (Sigma-Aldrich, St. Louis, MO). The rats were clinically
assessed daily for signs of EAE from day 9 until day 42 post-
immunization (p.i.). The clinical score was as follows: 0, no clinical
signs of EAE; 1, tail weakness or tail paralysis; 2, hind-limb paraparesis
or hemiparesis; 3, hind-limb paralysis or hemiparalysis; 4, tetraplegia;
and 5, death. The experimental procedures were approved by
Stockholm county ethical committee. Animal care was in accordance
to the recommendations at Karolinska Institute. The experiments
were performed in accordance with the ARRIVE criteria (Kilkenny
et al., 2010).
2.2. Cell culture
Animals were sacriﬁced using carbon dioxide. Spinal cords were
harvested from animals with clinical score 1–3 sacriﬁced beginning
from day 16 p.i. up to day 42 p.i. NPCs from spinal cord were isolated
from different levels (cervical, above Th2; thoracic Th2-Th12; and cau-
dal, below Th12). After extracting the spinal cord the tissue was divided
and the connective tissue was peeled off. This procedure was visualized
by using a microscope. The spinal cord was mechanically dissociated
with scalpels and scissors according to a modiﬁcation of a previously
described protocol by Johansson et al. (1999). The tissue was placed in
a dissociation medium, consisting of 200 U/ml DNAse (Sigma-Aldrich)
and 10 U/ml papain (Worthington) and incubated at 37 °C for 15 min
with intermittent trituration. To remove the myelin debris the cells
were resuspended in 0.9 M sucrose in Hanks' balanced salt solution
(HBSS) (Invitrogen) and pelleted at 750 g for 10 min followed by addi-
tional washing with L15. The cells were seeded at a density of 150,000
cells per dish on 10 cm Ø petri dishes in culture medium, contained of
Dulbecco's modiﬁed Eagle's medium/F-12 containing B27 supplement
(Gibco), penicillin (100 U/ml) and streptomycin (100 μg/ml) (Life
Technologies, Invitrogen AB, Stockholm, Sweden, http://www.
invitrogen.com) as well as 20 ng/ml epidermal growth factor (EGF,
Sigma-Aldrich, Stockholm, Sweden, http://www.sigmaaldrich.com)
and 20 ng/ml basic ﬁbroblast growth factor (bFGF, R&D systems).
Neurospheres from the spinal cord-derived NPCs were propagated
and passaged twice and used in experiments as single cells after the
last passage. For differentiation, single cell suspensions were seeded
on poly(D-lysine)-coated plates (Sigma-Aldrich), and cultured in
medium lacking EGF but supplemented with 1% fetal calf serum (FCS)
(Life Technologies). Cells for Sox2 immunostaining were seeded on
the plates 1 day before ﬁxation to avoid differentiation.2.3. Quantitative real-time PCR
RNA was puriﬁed using an RNeasy kit (Qiagen) and cDNA was sub-
sequently prepared using the iScript kit (Bio-Rad, Hercules, CA, USA).
Quantitative real-time PCR (qPCR) was performed using a BioRad iQ5
iCycler Detection System with a three-step PCR protocol (95 °C for
10 min followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s),
using SYBR Green (Bio-Rad). Expression levels corrected for ampliﬁca-
tion efﬁciency and normalized to housekeeping gene expression, were
analyzed using iQ5 v2.0 software (BioRad). The primers used for SYBR
Green reactions were designed using Express software (Applied
Biosystems).Gapdh,Hprt, andβ-actin expressionwere used as reference
genes (see Table 1).
2.4. Colorimetric measurement of nitrite
After ﬁrst passage supernatants were collected into Eppendorf tubes
previously washed with nitrite-free water and autoclaved and stored in
−20 until use. Concentration of nitrite in supernatants was measured
by Griess reaction using sodium nitrite (NaNO2) as standard. Superna-
tants were mixed with Griess Reagent (Sigma-Aldrich) 1:1 in 96-wells
ELISA plates and incubated for 15 min. The absorbance was read at
562 nm using an ELISA reader (EMax Precision Microplate Reader,
Molecular Devices). The standard curve was constructed of a nine-fold
dilution series of sodium nitrite dissolved in stem cell media.
2.5. Immunohistochemistry
Cells were differentiated on poly-D-lysine coated plates (Sigma-
Aldrich), ﬁxed with 4% parafolmaldehyde in phosphate-buffer saline
(PBS) (Bie&Berntsen A-S) blocked in PBS/0.1% saponin/10% goat
serum and incubated with the primary antibody over night (o.n.).
After washing the secondary antibody was applied for 1 h at room
temperature (r.t.). Concentration and antibodies used were rabbit
anti-glial ﬁbrillary acidic protein (GFAP) 1:1000 (Dako), mouse anti-
galactocerebroside (Gal C) 1:100 (Millipore), mouse anti-β-III-tubulin,
1:100 (Millipore), mouse anti-CD11b 1:200 (Millipore), rabbit anti-
Sox2 1:100 (Millipore), mouse anti-Sox2 1:100 (Millipore), mouse
anti-nestin 1:100 (Millipore), mouse anti-BrdU (dilution according to
supplier, Amersham), rat anti-BrdU 1:50 (AbD Serotec), goat anti-rat
Alexa 488 1:00 (Invitrogen) Cy3 donkey anti-mouse 1:1000 (Jackson
ImmunoReseach), Alexa 488 donkey anti-rabbit 1:500 (Invitrogen)
and Alexa 594 goat anti-mouse IgG 1:100 (Invitrogen). For the Sox2 im-
munostaining the cell membrane was permeabilized with a buffer con-
taining hepes, saccharose, NaCl, MgCl and Triton X.100 before adding
the antibody. For visualizing all cells the nuclei were counterstained
with DAPI (Invitrogen).Glassesweremounted inMowiol (Cabiochem).
Sections were incubated o.n. at +4 °C with one or combinations of pri-
mary antibody. Antibodies were diluted in PBS containing 1% BSA and
0.3% Triton X-100 and incubated for 24 to 72 h at +4 °C. Secondary an-
tibodies diluted in PBS were used. For BrdU labeling sections were ﬁrst
rinsed in PBS followed by incubation with 0.1 M NaOH for 2 min and
then in PBS pH 8.5 for 30 s. Sections were then incubated in primary
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mounting and staining of nuclei as previous described.
2.6. Statistics
Non-parametric Mann–Whitney test and unpaired student t-test
GraphPad Prism® 5.0 (GraphPad Software Inc., La Jolla, CA, USA) were
used to analyze the samples. ⁎p b 0.05 was used as statistical signiﬁ-
cance. For colorimetric measurement of nitrite normal distribution
with conﬁdence interval of 95% was used.
2.7. Bioassay experiment
NPCs were isolated from spinal cords of unimmunized control rats.
After their secondpassage, the cellswere either exposed tomedium col-
lected from control NPCs or NPCs from EAE. To test if cell-cell contact
with other cell types could inﬂuence NSC proliferation and differentia-
tion in vitro, NSCs from unimmunized controls were grown in reused
petri dishes from either EAE or control cultures. The bottom of these
petri dishes has an adherent cell layer that forms upon culture of
SC-derived NSC cultures. After their second passage, the NSCs grown
in the reused petri dishes are used in proliferation and differentiation
assays. For the proliferation assay fresh EGF and bFGF were added to
the medium while for the differentiation assays the medium was sup-
plemented with 1% FCS. Thymidine incorporation and immunohisto-
chemistry for different NSC differentiation markers were performed as
described elsewhere in the manuscript.
2.8. Proliferation assay
Cells were seeded in 96-well U-bottomed plates in tetraplicates at
25,000 cells per well in stem cell medium previously described.
Cells were cultured for 48 h then pulsed with the mitotic marker
3H-thymidine (1 μCi/well) for additional 48 h. Cells were thereafter
harvested using a Tomtec cell harvester (PerkinElmer Wallac, Turcu,
Finland, http://www.perkinelmer.com). The incorporated radioactivity
was measured using a β-liquid scintillation counter, 1450 Microbeta
Plus (PerkinElmer Wallac).
2.9. BrdU pulsing in animals and sectioning
BrdU (50mg/kg in PBS, Sigma, St. Louis,MO, USA)was administered
subcutaneously once daily for 10 days starting from onset of neurolog-
ical signs for EAE and, as previously described, clinically assessed daily
for signs of EAE. Animals were perfused through intracardial infusion
with body warm isotone saline and thereafter ice-cold formaldehyde
(4% w/v). The spinal cord was dissected and postﬁxed in formaldehyde
(4%) and then rinsed in PBS. Thereafter the spinal cordwas immersed in
sucrose (15%w/v) overnight; transverse sectionswere prepared (14 μm
thick) using a Leica CM3000 (Leica Microsystems) and mounted on
SuperFrost® Plus microscope slides (Menzel-Gläser, Braunschweig,
Germany).
2.9.1. Microscopy
For analysis of the different antibodies a combination of a laser scan-
ning confocal microscope (Leica TCS SPII) (Leica Microsystems) and a
wide ﬁeld microscope (Leica DM 400B) (Leica Microsystems) was
used. The confocal immunoﬂuorescence images were obtained using a
63× (N/A 1.40) objective. Each optical section (1 μm) was averaged
four times; images were the projection of 25 successive optical sections
into one image. In the ﬂuorescence wide ﬁeld microscope images were
acquiredwith a LeicaDFC320 (Leica) camera. Images of neurospheres in
cell culture were taken before and after the second passage by using
Panasonic CCTV camera (WV-BP312E) (Panasonic) and an Olympus
Microscope (CK2 ULWCD 0.3) (Olympus).3. Results
3.1. Nitrite levels in NPC culture supernatants is used as an indicator for the
inﬂammatory levels of spinal cord segments
Spinal cords from EAE diseased animals and healthy non-
immunized controls were isolated and divided into three segments:
cervical (above Th2 level), thoracic (Th2-Th12) and caudal (below
Th12) (Fig. 1A). To control the reproducibility of the division procedure,
weweighted the spinal cord segments (n=10) obtained fromdifferent
animals. The measurements obtained showed low standard deviation
and good reproducibility, as follows: cervical 0.23 ± 0.03 g, thoracic
0.16 ± 0.04 g and caudal 0.197 ± 0.06 g. The segments were processed
and cultured to propagate NPC cultures. Fig. 1B depicts immuno-
histological preparations of spinal cord sections from healthy rats
(left) and sections from ISC and NASC segments of EAE rats (right),
where NASC lacks the cell inﬁltrates (Sox2+/BrdU+ or Sox2−/
BrdU+) seen in ISC white matter. ISC contains inﬂammatory lesions
with activated immune cells that are likely to survive in culture for a
short while and produce inﬂammatory factors, such as NO•. To deter-
mine which of the NPC cultures had been derived from ISC versus
NASC, we measured the nitrite levels in culture supernatants (Green
et al., 1982) (Fig. 2A). To obtain a reference range of nitrite levels used
for deﬁning NASC, we determined the normal distribution of nitrite in
NPC culture supernatants from 24 non-immunized control rats. Seg-
ments from EAE rats which had nitrite levels lower than two standard
deviations of the mean (mean-2SD) of that of control rats were deﬁned
as NASC (Fig. 2A). Segments with nitrite levels above or equal to the
mean + 2SD of that of controls were deﬁned as ISC (Fig. 2A).
3.2. Cell proliferation is increased in thoracic NPCs derived from both ISC
and NASC areas
Firstly, the purity of the NPC cultures was determined to be more
than 90%, which was investigated by immunolabeling for Sox2 and
Nestin (see Supplementary Fig. 1). We then investigated the prolifera-
tion of NPCs from different spinal cord regions, which revealed that
the NPCs from the thoracic part were signiﬁcantly less proliferative
than the NPCs from the cervical and caudal parts (p b 0.05; Fig. 2B). In-
terestingly, the numbers of NPCs in the thoracic part from EAE-affected
animals ware signiﬁcantly increased and were fourteen times higher
than the NPC cultures derived from normal thoracic spinal cord
(p b 0.05; Fig. 2B). Double-labelingwith BrdU and Sox2 proved that pro-
liferation occurred in NPCs and was not caused by proliferation of other
cell types (Fig. 2C and Fig. 4J). Already after 2 days in culture the differ-
ence in sphere size and cell number between NPC cultures from EAE
versus normal thoracic spinal cord was evident (Fig. 2D-F). Moreover,
this increase in NPC numbers was observed regardless of the inﬂamma-
tory status of the spinal cord, as thoracic NPCs from ISC and NASC were
more abundant than from corresponding regions from unimmunized
control rats. To further exclude the possibility that microglia cells
accounted for the proliferation in the NPC cultures we performed a
CD11b/BrdU double-staining (Fig. 4K). The ratio of dividing microglia
(Cd11b+/BrdU+) was 1/500 in proliferating thoracic cultures.
3.3. Expression of Notch-1, Mash-1, Neurognenin-2 and β-III-tubulin is
affected in NPCs derived from NASC
Using real-time PCR, we further investigated if the NPCs from NASC
areas were affected regarding their expression of genes regulating
stemness (Notch-1 and Hes-1) and differentiation fate (Mash-1,
Neurogenin2, β-III-tubulin, Gfap). The expression of these genes was
investigated at different time points after induction of differentiation
(0 h, 24 h and 5 days). The 0 h time point refers to undifferentiated
NPCs. Notch-1 is a gene known to be involved in maintaining the
undifferentiated state, gliogenesis and repression of neurogenesis
Fig. 1. NPCs were isolated from the spinal cord of normal and EAE affected animals. 1A) NPCs were isolated from cervical, thoracic and caudal parts of the spinal cord as indicated.
1B) Schematic drawings and pictures of histological sections from healthy control rats (left) and from EAE affected rats (right) labeled with Dapi (blue), Sox2 (red) and BrdU (green).
ISC: inﬂamed spinal cord NASC: normal appearing spinal cord (≈seemingly normal tissue in EAE). Scale bars in 1b, c = 5 μm, 1d = 100 μm.
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increased in undifferentiated NASC-derived cells (at 0 h) and at
the early differentiation time-point (24 h) (Fig. 3A). Hes-1 is a geneFig. 2. Proliferation of thoracic NPCswas affected in NASC. A) Graph showing the nitrite levels in
whichwasdeﬁned bynitrite levels lower than 2SDof themean of normal control cultures; cer,n
equal to or above 2SDs of themean of control cultures; cer, n=14; thor, n=12; caud, n=10. B
and white bars = EAE, n = 7; c.p.m. = counts per minute. C) Percentage of dividing NPCs (
(black bars, n= 4) and controls (white bars, n= 5). D, E) Representative images of thoracic N
of cells in cultures from cervical, thoracic and caudal segments from control rats (black bars)
(white bars) n= 4–7. Bars show mean ± S.E.M. ⁎p b 0.05; ⁎⁎p b 0.01; ⁎⁎⁎p b 0.0001. (Mann–Wthat activates transcriptional repressors and works downstream of
Notch-1(Nakamura et al., 2000; Sugimori et al., 2007). In contrast to
Notch-1, Hes-1 was signiﬁcantly decreased in undifferentiated (0 h)culture supernatants before ﬁrst culture passage. NASC denotes non-inﬂamed spinal cord
=14; thor,n=16; caud, n=18. ISC denotes inﬂamed spinal corddeﬁned bynitrite levels
) Cell proliferationmeasured via 3H thymidine incorporation; black bars= controls, n=6
Sox2+/BrdU+) in the whole NPC culture (Sox2+) from the thoracic segments of EAE
PC cultures from control rats (D) and EAE rats (E). Scale bar measures 50 μm. F) Number
and rats with EAE, where the EAE cultures were divided into NASC (gray bars) and ISC
hitney).
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Neurogenin2 are pro-neural genes (Sommer et al., 1996; Farah et al.,
2000) and β-III-tubulin is expressed in terminally committed neurons
(Gangemi et al., 2004). The expression of both Mash-1 and
Neurogenin-2 was increased in NASC-derived NPCs at early time-
points, 0 h and 24 h (Fig. 3C, D) and was matched by an increase in
β-III-tubulin in early differentiated (24 h) and fully differentiated NPCs
(5d, Fig. 3E). The glially expressed geneGfapwasnot signiﬁcantly affect-
ed in NASC-derived NPCs compared to control NPCs (Fig. 3F).
3.4. NASC-derived NPCs from EAE manifested lower oligodendrocyte
differentiation but higher neuron differentiation
To investigate the differentiation capacity of the NASC-derived NPCs
versus control NPCs, differentiated NPCs were immunolabeled for
markers speciﬁc for differentmature cell lineages, counted and present-
ed as percentage of total number of cells, investigated with DAPI stain-
ing. GalC immunolabeling revealed a signiﬁcant decrease in
oligodendrocyte differentiation in NASC-derived NPCs compared to
controls (Fig. 4A, D, E). In contrast, neuronal differentiation, determined
by β-III-tubulin labeling, was increased in NASC-derived NPCs
compared to healthy controls (Fig. 4B, F, G). The astroglial differentia-
tion was not affected in NASC, as revealed by GFAP immunolabeling
(Fig. 4C, H, I).
3.5. The inﬂammation effects in NASC-derived NPCs is not an in vitro side
effect
To exclude that the inﬂammation effects seen in NPCs derived from
NASC were not a side-effect due to in vitro culture, we performed the
following experiments. In order to see if soluble factors released in the
mediumduring in vitro culture had an effect on theNSCs, we performed
a bioassay where we exposed control NPCs from healthy animals to su-
pernatant from EAE-derived NPCs. We focused on NPCs from the tho-
racic part, as the effects seen on these cells were easiest to quantify.
NPCs derived from the thoracic spinal cords of healthy non-
immunized spinal cords were cultured with conditioned medium
from EAE derived NPC cultures. Conditioned medium from NPC fromFig. 3. Gene expression is affected in NPCs isolated from NASC. Normalized gene expression in
affected rats. The gene expression was investigated at 0 (0 h) 24 h (24h) and 5 days (5d) after i
differentiation were chosen: notch-1 (A) and hes-1 (B) active in immature cells, mash-1 (C)
(F) expressed in terminally differentiated neurons and astroglia, respectively. Bars show meannon-immunized rats was used as control. To the conditioned medium
bFGF and EGF were added according to the NPC culture protocol. Nei-
ther proliferation (thymidine incorporation, Fig. 5A) nor differentiation
(as assessed by Gal C, β-III-tubulin and GFAP immunolabelings) was af-
fected by the EAE conditioned medium (Fig. 5B, C and D, respectively).
In a second part of the experiment, we tested if cell–cell contact be-
tween the NSC and the cell layer on the bottom of culture dishes could
have inﬂuenced NSC proliferation and differentiation. A typical feature
of SC-derivedNSC cultures is the adherence of non-NSC cells on the bot-
tom of the petri dishes. These cells survive for a while and are removed
uponNSC culture passage. The type of cells found on thebottomof these
dishes might differ between cultures isolated from control SC versus
EAE SC and might cause the effect seen in NASC NSC. In order to test
this scenario, petri dishes from either EAE-derived or control-derived
cultures were reused to grow NSC from unimmunized control animals.
After the second passage, the proliferation and differentiation of
these cells were investigated. As presented in Supplementary Fig. 2,
neither proliferation (Supplementary Fig. 2A) nor differentiation into
β-III-tubulin+ neurons or GFAP+ astrocytes (Supplementary Fig. 2B
and C, respectively) was affected by the adherent cell layer from EAE
versus control. The lack of effect in this bioassay demonstrates that
the changes in proliferation, gene expression and differentiation in
NASC-derived NPCs occurred during the in vivo exposure rather than
during the in vitro culturing of the NPCs.
4. Discussion
In a previous publication we demonstrated altered gene expression
and differentiation in NPCs derived from rats with EAE. However, data
was not correlated to proximity level to ongoing inﬂammation. The
present study addresses the question of how or if NPCs from less in-
ﬂamed parts of the spinal cord still display an aberrant gene expression
and differentiation compared to NPCs from healthy, non-immunized
rats. The NPC cells cultures were obtained by dissociating whole spinal
cord segments thatwere placed in culturemediumpromoting the prop-
agation of the NPCs. However, the bulk culture transiently contains all
types of spinal cord cells, including inﬂammatory cells that can contrib-
ute with production of factors that can be measured in the supernatant.NPCs from control (black bars, n= 10–18) and NASC parts (white bars, n= 8–12) of EAE
nitiation of differentiation in NPC cultures. Sets of genes involved at different stages of NPC
and neurogenin-2 (D) involved in fate commitment of NPCs, β-III-tubulin (E) and gfap
± S.E.M. ⁎p b 0.05; ⁎⁎p b 0.01; ⁎⁎⁎p b 0.0001. The statistical test used was Mann–Whitney.
Fig. 4. NPCs differentiation is affected in NPCs isolated from NASC. Control NPCs and NPCs isolated from NASC were differentiated for 5 days, immunolabeled for different markers of ma-
ture cell types and counted. Graphs show the percentages of (A) GalC+ oligodendrocytes (B) β-III-tubulin+ neurons and (C) Gfap+ astrocytes in the total number of cells, calculated
throughDAPI labeling of the cell nuclei. Black bars= controls; n=14–39; white bars=NASC, n=9–23. Bars showmean± S.E.M. ⁎p b 0.05. The statistical test usedwasMann–Whitney.
(D–K) Representative pictures of differentiated NPCs from control rats (D, F, H) and NASC parts from EAE affected rats (E, G, I, J, K) immunolabeled for GalC (D, E; red) β-III-tubulin
(F, G; red) gfap (H, I; green) sox2 (J; red) BrdU (J, K; green) and CD11b (K; red). The nuclei were stained with DAPI (D–L; blue). Scale bar in G–K = 50 μm.
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Fig. 5. Inﬂammation effects on NPCs occurred during in vivo conditions and were not a side effect of in vitro culture. NPCs from control rats were cultured in conditioned medium from
either NPCs derived from unimmunized rats (black bars, n= 4–5) or NPCs from rats with EAE (white bars, n= 3–4). The NPC proliferation, using 3 H-thymidine incorporation (A) and
differentiation intoGalC+oligodendrocytes (B)β-III-tubulin+neurons (C) andGFAP+astrocytes (D)was investigated andpresented aspercent of total cell number (DAPI+). Bars show
mean ± S.E.M.
53L. Arvidsson et al. / Journal of Neuroimmunology 288 (2015) 47–55Thus, by measuring nitrite levels in the NPC culture supernatants, we
could back-track which of the spinal cord segments used for establish-
ing the cultures had been harboring inﬂammatory lesions. NO• is rapidly
oxidized to nitrite and nitratewhich are stable over longperiods of time.
Under inﬂammatory conditions, the inducible isoform of its enzyme,
Nos2, is activated leading to excessive production of NO• (Salter et al.,
1991). Increased levels of NO• oxidation products have been demon-
strated in EAE (Koprowski et al., 1993) and NO• inhibition also amelio-
rates EAE (Danilov et al., 2005). The overall production of NO• has
been widely used as an indicator of the level of inﬂammation in various
diseases (see Moncada and Higgs (1995) for review). In culture super-
natants, the synthesized NO• radical is oxidized to nitrite which is a sta-
ble compound and can be analyzed at later time-points. All culture
parameters, including the amount of tissue in each culture dish, were
standardized to minimize any effects on the nitrite measurements
(see Results and Methods sections). Using nitrite concentration levels
we were able to distinguish the areas of high and low level inﬂamma-
tion within the same EAE-affected individual (see Fig. 2A). We
proceeded by investigating the NPC proliferation and differentiation
isolated from the different spinal cord segments. We detected a signiﬁ-
cant increase in proliferation of the NPCs from the thoracic part of EAE
affected animals (Fig. 2B–F). This proliferation was independent of the
level of focal inﬂammation, as it could also be detected in NPCs from
NASC parts. The difference in proliferation capacity could be anticipated
from the difference in sphere forming capacity between NPCs from EAE
versus control animals, where the EAE derived NPCs formed larger and
more numerous neurospheres (Fig. 2B–F). In an in vivo setting, prolifer-
ation has been previously described, besides in EAE (Danilov et al.,
2006), also in an avulsion injury model (Fagerlund et al., 2011) and
traumatic brain injury (Arvidsson et al., 2002; Johansson et al., 1999).
In EAE it has been reported that white matter GFAP+ cells become mi-
totic and upregulate developmental gene expression (Bannerman
et al., 2007; Ara et al., 2008). Petit et al. (2011) demonstrated that radial
glia in the spinal cord responded to EAE by increased proliferation and
up-regulation in NPC gene expression. The radial glia are located in
the white matter of the spinal cord and are increasing in numbers in a
rostro-caudal gradient. This, however, does not explain why the thorac-
ic NPCs are more responsive to EAE induced proliferation than the rest
of the NPCs in the spinal cord.
By analyzing the gene expression we found that Notch-1 expression
was increased in both undifferentiated and differentiated NPCs(Fig. 3A). Notch is a receptor which is active during development and
required for cell proliferation of NPCs (Artavanis-Tsakonas et al., 1999;
Akai et al., 2005). It is involved in maintaining the undifferentiated
state of NPC but also in promoting gliogenesis. In our cultures, the
Notch-1 was upregulated in undifferentiated (0 h) and early differenti-
ated cells (24 h) derived from NASC in comparison to control-derived
cultures. However, the increase in Notch-1 expression was not matched
by a similar change in the expression of Hes-1, a downstreammediator
of Notch signaling. Nevertheless, Notch signaling also acts through aHes
independent pathway that we do not evaluate here. We also measured
the expression of Mash-1, Neurogenin2, involved in neurogenesis.
Mash-1 was increased at 0 h in NASC derived NPCs and decreases at
later time-points. Similar pattern of expression was observed for
Neurogenin-2, with the expression peak after 24 h of differentiation.
The expression increase in these two pro-neuronal genes is followed
by an increase in the neuronally expressed β-III-tubulin from the
early to the late differentiation time-point, 24 h and 5 days,
respectively. The increase in neurogenesis was also corroborated by
data from our immunocytochemistry analysis of differentiated NPC
cultures from NASC and controls with signiﬁcantly higher percentage
of β-III-tubulin+ neurons in NASC-derived cultures (Fig. 4B, F, G).
On the contrary, the oligodendrocyte percentage was decreased in
NASC-derived cultures (Fig. 4A, D, E). We have previously shown
in vivo in EAE-affected rats that NPCs from the spinal cord central
canal are prone to differentiate into neuronal-like cells (Danilov et al.,
2006). Deierborg et al. (2010) reported that SVZ NPCs isolated and
cultured in vitro from injured brain generated an increased number of
neurons rather than astrocytes. However, they also demonstrated an in-
crease in oligodendrocyte differentiation (Deierborg et al., 2010) which
was not the case in the present study on spinal cord NPCs in EAE. The
same boosting effect of EAE inﬂammation on oligodendrogenesis in
NPCs derived from the SVZ has also been reported by Tepavcevic et al.
(2011) where an increase in the pro-oligodendrogenic and a decrease
in the neurogenic cell population were observed in mice with brain-
targeted EAE. The discrepancies between these studies and the results
reported here might be attributed to the different microenvironments
found in the brain versus spinal cord, but also different types of inﬂam-
matory responses at the different sites (Wensky et al., 2005; Lees et al.,
2008). We and others (Kulbatski and Tator, 2009; Kelly et al., 2009;
Covacu et al., 2014) have reported that SVZ NPCs differ from spinal
cord NPC in term of gene expression and differentiation preferences,
54 L. Arvidsson et al. / Journal of Neuroimmunology 288 (2015) 47–55where the spinal cord is more gliogenic and the brain more neurogenic.
These NPC differentiation characteristics are reversed during
inﬂammation.
In this study we demonstrate that NPCs are affected in EAE through-
out the spinal cord i.e. also in areas with a low level of inﬂammation,
NASC. Gene expression and differentiation studies revealed that
NASC-derived NPCs become more neurogenic and have reduced capac-
ity to differentiate into oligodendrocytes. Based on these ﬁndings we
suggest that neuroinﬂammatorymediators have awider range affecting
NPC at sites outside inﬂammatory foci. Indeed, in a recent publication it
has been demonstrated that a large portion of the subarachnoid cere-
brospinal ﬂuid (CSF) cycles through the brain interstitial space (Iliff
et al., 2012). Thereby, inﬂammatorymediators produced at inﬂammato-
ry sites can be carried long distances via the perivascular spaces and CSF
to exert their effects far away from the sites of production. In our model
of neuroinﬂammatory disease, the differentiation of NPCs was similar
with or without the presence of inﬂammatory activity. In anMS disease
setting, where inﬂammatory lesions form both in the brain and spinal
cord, it may imply that most of the NPC niches are affected during dis-
ease periods which would greatly impact on the regenerative capacity
of the CNS. Further studies need to be performed in order to explore
the mechanisms behind ex-lesion effects of inﬂammation in NPCs in
EAE, and in MS, especially.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jneuroim.2015.09.001.Acknowledgements
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